The other HOF end of the mode converter was then spliced to an M M F of 5 0 p core by controlling the arc conditions of a fusion splicer to assess the insertion loss of the device. The optical power drop from SMF to M M F was measured with and without the mode converter, and is defined as the insertion loss. A 1.31 pm Fabry-Perot (FP) laser was used as an input source and a power meter used to detect optical power. Fig. 3 shows the insertion loss as a function of the hole diameter of the HOF for two different tapering methods, i.e. arc and adiabatic tapering. For the hole diameters less than 6 pn both tapering methods showed low insertion loss < 0.52dB. As the hole diameter exceeded 8 pn, the insertion loss of the device tapered by the arc showed a rapid increasc > 5dB. In contrast, the device tapered adiabatically by a micro torch maintained an insertion loss < 1.4 dB for hole diameters up to 1 2~. The taper lengths were between 5 and 10mm. Extremely long tapered HOFs of 820mm were also fabricated in the fibre drawing process. One end of the HOF was a hole of diameter less than 2 p n and the other end about 6.8pn. Splicing the smaller hole end to the SMF, the HOF was further tapered by the arc. In this case, the insertion loss was < 0.5dB, which is similar to a shorter adiabatic taper. From these results, we were able to confirm that adiabatic tapering of HOFs with length of about 10 min would result in a low loss. Polarisation-dependent loss was measured to be < 0.1 dB owing to thc intrinsically concentric structure of the device.
References BLAKE, J.N., KIM, u.Y., and SHAW, LI J.: 'Fiber-optic modal coupler using periodic microbending ', Opt. Lett., 1986, 11, (3) , pp. 177-179 BILODEAU, P., HILL, K.o., MALO, B., JOHNSON. D.c., and SKINNER. I . M : 'Efficient, narrowband LP,, H LP,,2 mode convertcrs fabricated in photosensitive fibre: spcctral rcsponse', Electron Lett., 199 I, 27, (8) . pp. 682-684 KY. N.H., LIMHHRGER, H.G., SALATIIE. im, and COHET. F.: 'Efficient broadband intracore grating LP,,,-LP,, mode convertcrs for chromatic-dispersion compensation ', Opt. Lett., 1998, 23, (6 Recently considerable effort has gone into the development of multi-wavelength fibre laser sources in an attempt to reduce the complexity of WDM systems. Although a dual wavelength DFB fibre laser has been demonstrated [l] the majority of interest has been with erbium-doped fibre ring lasers. To support simultaneous gain at multiple wavelengths in erbium-doped glass, the homogeneously broadened room temperature gain characteristic can be modified. This can only be achieved in erbium by extreme cooling, such that the gain is predominantly inhomogeneous. This has resulted in many approaches based upon the use of a liquid nitrogen cooled gain fibre at 77K [2 ~ 41. An alternative approach of Q-switching an crbium fibre laser with a scanning Fabry-Perot has been demonstrated but produced pulses at repetition rates of only a few kHz [5] . Continuous wave (Cw) multi-wavelength output of an erbium ring laser has also been achieved with the use of an acousto-optic frcquency shifter at room temperature but this adds Lo the complexity of an active compoiieiit [6] .
The inhomogeneously broadened gain of stimulated Raman scattering (SRS) provides an alternative approach to designing a room temperature WDM source. Over 19 WDM channels have been demolistrated previously using a fibre Raman ring laser with a Fabry-Perot etalon in the cavity but with obvious restrictions on individual tuning of channels [7] . In this Letter a four-wavelength, CW fibre Raman ring laser is described in which fibre Bragg gratings (FBGs) are used as the wavelcngth-selective elements offering the possibility of specific wavelength selection, tunability and gainflattened output. Such a source also has potential application as the pump source for Raman fibre amplifiers with a broadened and flattened gain profile that is a result of multiple line pumping. Experitnent: The expcrimental configuration of the four-wavelength fibre Raman ring laser is shown in Fig. I . The Raman gain medium was 7 kin of dispersion compensated fibre (DCF) pumped at 1455nm by a fibre Raman pump laser providing up to 1.3 W of power, with peak Raman gain at 1555 nm. A counter-propagating pump and signal configuration was used, employing an optical circulator to mix pump and signals, in order to reduce signal noise occurring from high frequency pump oscillations. Four FBGs were coupled into the cavity as the wavelength-selective components using an optical circulator. Reflection wavelengths of the four FBGs were centred at 1551.6, 1556.1, 1560.7 and 1565.1nm, respectively, with a peak reflectivity of around -2 dB including circulator loss. Each FBG channel had a reflectivity 3dB width of -1 nm and inter-channel extinction ratio in excess of 15dB. A broadband coupler was used to extract 15% of the signal power from the ring to the multi-wavelength lascr output. The remaining 85% signal power was propagated through 9 kin of dispersion shifted fibre (DSF) which equalised the channel powers through four wave mixing (FWM). The WDM channels did not expcrience Raman gain from the 1455 nm pump in the DSF as residual pump power was attenuated by the FBG circulator.
To determine CW operation of the laser each output channel was filtered in turn using two tunable, 3nm bandpass filters in series to give sidemode suppression > 30dB. The filtered channcls were analysed using a photodetector with loops rise time in conjunction with a 500 MHz bandwidth oscilloscope. Results; The output spectra of the multi-wavelength fibre Raman ring laser at a pump power of 0.55 W is shown in Fig. 2 accompanied by the reflectivity of the circulator coupled FBGs. The total output power of the multi-wavelength laser was 14.9dBm. The highest channel power was 10.28dBm at 1565nni with the other channel powers within 5 dB. The 3 dB widths of the four channels were -0.6nm and extinction ratios of > 40dB were observed. Comparisons between the spectra of the laser output and the reflectivity of the FBGs suggest that the spectral shape and power equalisation of the laser channels could be improved by using higher quality, specifically designed FBGs. It is envisaged that a greater number of FBGs could be used Tor a higher channel count and stretching of the FBGs would allow wavelength tuning of individual channels.
The operational characteristic for all four output channels analysed electrically was found to be dominantly CW. High frequency oscillations with a standard deviation from the DC level of -10% were observed but not resolvable at the 500 MHz bandwidth limit. Similar results were observed when the 1455 nm pump source was analysed. Stimulated Brillouin scattering (SBS) in the long gain fibre was identified as another possible contributory factor to the small noise signal.
It is important to note that hysteresis of the wavelength channel powers with pump power was observed. This is believed to be a result of pump-power-dependent nonlinearity in the FBGs that affect the reflectivity of each FBG channel. It was also noted that the hysteresis changed when the length of DSF in the cavity was varied.
Conclusions:
We have demonstrated a CW, room temperature four-wavelength fibre Raman ring laser employing FBGs. The four channels had line widths of -0.6nm, extinction ratios > 40dB and powers ranging from 5.32 to 10.28dBm between 1551 and 1565nm. Temporal oscillations with an amplitude -10% of the CW power were observed and attributed to pump fluctuations and SBS. The application of other FBGs could provide a higher channel count and offer wavelength tunability. Introduction: Digital watermarking of images is one way to embed secret information, or the watermark, into the original image itself andlor into the secret key to protect the copyright of the original sources. Transform-domain techniques with discrete cosine transform (DCT) [ 11, and vector Algorithm: Let the input image be X with size M x N. Our objective is to embed a robust watermark with VQ into X, and have a watermarked reconstruction with a secret key at the output after the embedding process is accomplished. Assume that the binary-valued watermark to be embedded is W, the size being Mccr x Nw. We perform the VQ operation first
[3] and obtain the codewords. We are then able to embed the watermark with the characteristics of the indices in the VQ domain. To survive picture-cropping attacks, a pseudorandom number traversing method [I] is applied to permute the watermark to disperse its spatial relationships. With a predetermined key, Iceyl, we have the permuted watermark W,, for embedding into the VQ indices.
In the VQ encoding procedure, X is divided into vectors x the size being MIM, x MNw, then each x finds its nearest codeword c, in the codebook C, and the index i is assigned to x. While decoding with the VQ indices, the decoder merely performs a table
